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In art and literature, originals are revered and copies frowned upon. But domen use germline stem cell copies
to pass traits to their children? In Science, Nakagawa et al. (2010) show that new stem cell copies regularly
arise in mouse testes by fragmentation of downstream germ cell clusters.Germline stem cells maintain sperm pro-
duction in males from species as diverse
as hydra, fruit flies, and humans. In all
these groups, the most primitive germ
cells exist as single cells, which divide to
produce interconnected cysts of germ
cells that develop into packets of mature
sperm. In the male mouse, single germ
cells are denoted as Asingle (As), two-cell
cysts are denoted as Apaired (Apr), and
larger clusters are denoted as Aaligned
(Aal, -4, -8, or -16 cell) spermatogonia
(Figure 1). Aal-16 spermatogonia go on to
become more differentiated A1 cells,
which divide to give rise to haploid sper-
matids. A linear model proposed in 1971
by Huckins and Oakberg suggests that
stem cell capacity resides within As cells,
whereas other A-type spermatogonia
represent transit-amplifying progenitors,
which divide unidirectionally to generate
longer cysts. The simplicity of the linear
model has led it to be widely accepted,
despite claims that early cysts could
reverse their paths and even replenish
stem cells after tissue damage (reviewed
in Clermont, 1972).
Nakagawa et al. (2010) combined
lineage tracing and live imaging in Ngn3-
EGFP mice to evaluate the linear model
of spermatogonial development. In whole
mounts of seminiferous tubules, the
authors found that NGN3 was increas-
ingly expressed within progressively
longer cysts and was rarely expressed in
As cells. The rare NGN3
+ As cells divided
to become Apr, rather than self-renewing
like a stem cell, and differentiated quickly.
In contrast, GFRa1, the receptor for glial
cell line-derived neurotrophic factor
(GDNF) was expressed predominantly in
As and Apr cells. These observations
suggested that GFRa1+ As stem cells
transition into differentiating NGN3+ Aal
populations in a linear fashion. However,
Nakagawa and colleagues also foundrare examples of cysts that did not fit
with the linear model. For instance,
some NGN3+ As cells divided to generate
two As and a few single and paired sper-
matogonia expressed c-KIT, a prolifera-
tion marker expressed by differentiating
A1 cells. Although initially quite rare, the
authors report that more than 80% of
NGN3-descendant As cells expressed
GFRa1 after 20 days. Taken together,
these results suggest that a reverse
pathway can take NGN3-expressing Apr
or Aal cells back to the As state, with the
concomitant turnoff of NGN3 and induc-
tion of GFRa1.
Further support for this pathway came
from directly visualizing spermatogonial
cysts undergoing fragmentation. In one
example, an NGN3+ Aal8 cyst divided to
form two pairs of interconnected cells,
whereas the rest of the cells in the larger
chain died. Cyst fragmentation occurred
infrequently compared with normal divi-
sion under steady-state conditions and
did not seem to follow a consistent
pattern. The authors next investigated
stem cell renewal during regeneration.
During recovery after busulfan treatment,
Nakagawa and colleagues found that
average cyst length decreased and that
a larger fraction of the spermatogonia
were GFRa1+. These data suggest that
Apr-Aal spermatogonia can supply func-
tional stem cells by cyst fragmentation,
especially under regenerative conditions.
Indeed, related work by Barroca et al.
(2009) indicates that even c-KIT+ A1 cells
may not be fully committed to differentia-
tion and under certain circumstances
may be able to form germline stem cells.
The authors conclude from their find-
ings that not all As cells are equivalent
and that only some of them are traditional,
active germline stem cells. These cells
probably express GFRa1, although this
was not proven by lineage marking. ACell Stem Cprevious study following lineage-marked
NANOS2+ cells identified this gene as
another likely stem cell marker (Sada
et al., 2009). Other As cells would be
stem cell daughters on their way to differ-
entiation or cells from broken cysts revert-
ing to stem cells. One implication of this
plasticity is that stem cell transplantation
assays are likely to measure all potential
stem cells rather than just those that are
currently active.
The demise of the linear model seems
less surprising from the perspective of
previous work in Drosophila. Both male
and femaleDrosophila germline stem cells
turn over every few weeks, but lost stem
cells are regularly ‘‘replaced’’ so that
stem cell activity persists much longer (re-
viewed in Morrison and Spradling, 2008).
In males, replacement cells regularly
derive from cysts that have broken down
(Brawley and Matunis, 2004; Cheng et al.,
2008). Special cells generate a microenvi-
ronment, the niche, that maintains germ-
line stem cells, orients divisions, mediates
homeostatic responses to the environ-
ment, and facilitates replacement (Xie and
Spradling, 2000; Morrison and Spradling,
2008). Indeed, stem cell replacement has
been proposed as a widespread mecha-
nism to maintain stem cells. In contrast,
candidate niche cells have not been found
in the mouse testis, leading Nakagawa
et al. (2010) to argue that stemcell replace-
ment in mammals occurs stochastically in
the absence of niches. Whether mamma-
lian niches are absent altogether or simply
hard to find, the discovery that in both
Drosophila and mouse male germline
stem cells are regularly replaced by the
breakdown products of germline cysts
reminds us that key features of spermato-
genesis and stem cell biology have been
conserved during evolution.
Finally, the authors conclude that sper-
matogonial lineage is not strictly andell 6, May 7, 2010 ª2010 Elsevier Inc. 405
Figure 1. Multiple Nonlinear Pathways of
Early Germ Cell Development in the Mouse
Testis
Germline stem cells (As, red) and various classes of
early spermatogonia (Apr-Aal-16, yellow to green)
and more mature spermatogonia (A1, blue) are
diagrammed as described in the text. The colors
symbolize different frequencies of GFRa1+ (most
red) and Ngn3+ (most green) cysts of different
sizes. Open arrows within solid lines indicate the
major developmental pathway; arrows with
dashed lines indicate the regeneration pathway;
and dashed arrows indicate the proposed direct
As cell differentiation pathway.
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this revised model, some germline stem
cell daughters will indeed progress line-
arly to become A1 cells; however, others
will develop into Aal cysts that break apart
and become stem cells again. Some of
these spermatogonial cells will probably
show transient differences in the expres-
sion of genes such as GFRa1 and NGN3406 Cell Stem Cell 6, May 7, 2010 ª2010 Elsthat are not strictly correlated with stages
of spermatogonial differentiation. Such
variations in expression may reflect differ-
ences in the recent history of particular
spermatocytes, i.e., whether they have
recently broken down from a cluster,
been exposed to local signals, or em-
barked on a variant differentiation path-
way. Indeed, examples of early lineage
genes in other systems that show a peri-
odic or stochastic expression pattern
have been reported (Chubb et al., 2006;
Raj et al., 2006).
Original art, like original cells, over time
are likely to suffer damage and lose their
attractiveness without renovation. The
results of Nakagawa et al. (2010) show
us that in mammals, as in other organ-
isms, tissue maintenance may not solely
rely on the longevity and repair capacity
of a small subset of (stem) cells. A wider
range of cells than previously appreciated
has the potential to contribute to tissue
maintenance. At any given moment,
some of these cells, purely by chance,
will have suffered a much lower than
average number of deleterious changes.
If these cells could preferentially become
stem cells, the population of active stem
cells would age more slowly than the
population of cells at large. Are originalevier Inc.stem cells superior to later, replacement
stem cells? The answers are not in yet.
In the meantime, don’t put too much
stock in originals. The market for copies
may be highly competitive and the result-
ing cells may be as good (or better) than
an aging original.
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